Ten new Legionella species were characterized on the basis of biochemical reactions, antigens, cellular fatty acids, isoprenoid quinones, and deoxyribonucleic acid relatedness. Nine of the new species were isolated from the environment, and one, Legionella hackeliae, was isolated from a bronchial biopsy specimen obtained from a patient with pneumonia. The species all exhibited the following biochemical reactions typical of the legionellae: growth on buffered cysteine-yeast extract agar, but not on blood agar; growth requirement for cysteine; gram negative; nitrate negative; urease negative; nonfermentative; catalase positive; production of a brown pigment on tyrosine-containing yeast extract agar; liquefaction of gelatin; and motility. Legionella s4iritensis was weakly positive for hydrolysis of hippurate; the other species were hippurate negative. Legionella cherrii, Legionella steigerwaltii, and Legionella parisiensis exhibited bluish white autofluorescence. Legionella rubrilucens and Legionella erythra exhibited red aqtofluorescence. The other species, L. spiritensis, L . hacke liae, Legionella maceachernii, Legionella jamestowniensis, and Legionella santicrucis did not auto fluoresce bluish white or red. All species had cellular fatty acid contents qualitatively similar to those of previously described legionellae and had major amounts of ubiquinones with more than 10 isoprene units in the side chains. Each new species was serologically distinct from previously described Legionella species. As determined by the hydroxyapatite method at 60°C, two strains of L. maceachernii were 100% related, and four strains of L. cherrii were 94 to 99% related. The other new species were represented by single strains. The levels of relatedness of the new species to each other and to previously described legionellae ranged from 1 to 67%. L . maceachernii, L. japestowniensis, and L. hackeliae were less than 25% related to other species. L. rubrilucens and L. erythra, and two red-autofluorescing species, were about 60% interrelated. L. spiritensis (a non-autofluorescing species) was 34% related to L. rubrilucens. L . santicrucis was 64% related to Legionella sainthelensi. The three bluish white-autofluorescing species, L. parisiensis, L. cherrii, and L. steigerwaltii, were most closely related to other bluish white-autofluorescing species, especially Legionella bozemanii, Legionella dumofli, Legionella gormanii, and "Legionella anisa" (35 to 67%).
A total of 221 cases of pneumonia resulting in 34 deaths occurred during an epidemic at the American Legion Convention in Philadelphia, Pa., in 1976 (22,23) . After a massive investigation of this epidemic, the etiological agent of the so-called Legionnaires disease was finally isolated by McDade et al. (36) . This organism was shown to be a bacterium that was phenotypically unique, whose deoxyribonucleic acid (DNA) was unrelated to the DNAs of all other species tested (10) (11) (12) 45) . Therefore, it was classified in a new genus and species, Legionella pneumophila, in the new family Legionellaceae (10). L . pneumophila was subsequently shown to be a major cause of both pneumonia and an acute, self-limiting febrile disease called Pontiac fever (31). The public health significance of Legionnaires disease stimulated many intense investigations. It was soon learned that L . pneumophila had first been isolated in 1947 (35; E. B. Jackson, T. T. Crocker, J. E. Smadel, Bacteriol. Proc., p. 119, 1952) . We now recognize at least 10 serogroups in L . pneumophila (2, 4, 49, 38, 39; W. F. Bibb and R. M. McKinney, unpublished data) . L . pneurnophila strains were isolated-from patients with pneumonia and from the environment.
Strains that resembled L . pneumophila but differed in one or more phenotypic characteristics were called Legionellalike organisms. Representative strains of Legionella-like * Corresponding author. organisms were studied biochemically, serologically, chemically for total cellular fatty acids, and by DNA relatedness. New species were proposed, as indicated by these data, with a present total of 12 named species. Legionella bozemanii (6, 9, 27) was first isolated in 1959 and Legionella micdadei (27, 28, 48, 50) was first isolated in 1943; both of these species have been isolated from patients with pneumonia. L . micdadei has also been isolated from human blood and from water and is commonly referred to as the Pittsburgh pneumonia agent (48) . Legionella dumofii was isolated first from water and later from human lung tissue (9, 33) . Legionella gormanii (18, 41) was isolated from water, but serological evidence implicated it as another agent of Legionnaires disease. Legionella longbeachae (37) has only been isolated from humans, with strains of this species falling into two serogroups (3, 37) . Legionella jordanis has been implicated in human pneumonia by indirect fluorescent antibody reactions with human sera (15) and was recently isolated from human lung tissue (51) ; it has also been isolated from water and sewage. Legionella oakridgensis (47) and Legionella sainthelensi (14) were isolated from water and have not been isolated from or implicated in cases of human pneumonia. Legionella wadsworthii (19) was isolated from a patient with pneumonia. Legionella feeleii was isolated from an industrial water source in a factory where an outbreak of Pontiac fever occurred (29); it was not isolated from patients in this outbreak, but serological evidence indicated that L . feeleii was the causative agent. L . feeleii was also recently isolated VOL. 35, 1985 TEN NEW LEGIONELLA SPECIES 51 
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Continued on following page Environ. Microbiol., in press). Serological studies to assess its possible role in human infection have not been done. In this report, we summarize the data used to characterize additional legionellae, and we propose names for 10 new species; 9 of these were isolated from the environment, and 1 was isolated from a patient with pneumonia.
MATERIALS AND METHODS
Bacterial strains. The strains used in this study are listed in Table 1 . They included the type strains of the 12 previously described Legionella species and the type strains of the 10 new species described in this paper. American Type Culture Collection numbers are given for all type strains. Strains of the new species were isolated by one of the following methods (Table 1) : (i) direct plating of concentrated water samples or bronchial biopsy material onto charcoal-yeast extract (CYE) agar (21), onto CYE or buffered charcoal-yeast extract (BCYE) agar containing antibiotics (Table l) , or onto BCYE agar (48) ; (ii) passage of concentrated water samples through guinea pigs, followed by inoculation of infected guinea pig tissues into embryonated hen eggs and subsequent plating of infected yolk sac material onto CYE agar (36, 40, 46) ; (iii) passage of concentrated water samples through guinea pigs and direct inoculation of infected guinea pig tissue onto CYE agar (40, 46) ; or (iv) filter concentration of environmental water samples, followed by acid buffer treatment (5, 25). Strains were cultured and maintained on CYE or BCYE agar at 36 5 1°C in air containing 2.5% COz.
Cultural and biochemical tests. All strains of the new
Legionella species and the type strains of the previously described Legionella species were stained by the Hucker modification of the Gram strain. Flagellum staining was done by the Clark modification of the Leifson method (17) or as described by Kodaka et al. (32) , and 24-to 48-hour cultures grown on CYE agar at 35°C were examined for motility by dark-field microscopy. Cultures were plated onto BCY E agar with and without L-cysteine and onto Trypticase soy agar supplemented with 5% sheep blood. Autofluorescence was measured by excitation at a wavelength region near 366 nm (54) by using a Woods lamp on cultures grown at 36 5 1°C on BCYE agar. Formation of a brown, water-soluble pigment was observed on cultures grown at 35°C on tyrosine-containing yeast extract agar (1). Oxidase, catalase, and D-glucose fermentation tests were done as described by Weaver and Feeley (54) . Nitrate reduction, gelatin and liquefaction, and urea hydrolysis were tested as described by Orrison et al. (47) . Hydrolysis of sodium hippurate was tested by the method of HCbert (26). Beta-lactamase production was assayed by the chromogenic cephalosporin test described by Thornsberry and Kirven (53) .
Direct immunofluorescence assays. Formalin-fixed cells of each type strain of the 10 new Legionella species were stained with direct immunofluorescence assay conjugates prepared for the detection of all but one of the previously described species and serogroups (16). Included were conjugates for L . pneumophila serogroups 1 through 9, L . longbeachae serogroups 1 and 2, conjugates prepared for the following three new species described in this study: Legionella spiritensis (strain Mount Saint Helens 9T [T = type strain]), Legionella hackeliae (strain Lansing 2T), and Legionella rubrilucens (strain WA-270A-C2T). Cellular fatty acids and isoprenoid quinones. The cellular fatty acid compositions and isoprenoid quinone contents were determined as described previously (4345).
DNA studies. The guanine-plus-cytosine (G + C) contents of Legionella DNAs were determined spectrophometrically by the thermal denaturation method (34) . DNAs from Proteus mirabilis 1 (40 mol% G+C) and Escherichia coli K-12 (51 mol% G+C) were used as controls. For the preparation of DNA, strains were grown on BCYE agar in 15 to 30 petri plates (100 by 15 mm). The plates were incubated at 35°C in an atmosphere containing 2.5% C 0 2 until growth was confluent (3 to 5 days). The preparation of unlabeled and 32P04-in-vitro-labeled DNA has been described previously, as has the determination of DNA relatedness by the hydroxyapatite method at 60 and 75°C (12).
RESULTS
Legionella and Legionella-like organisms are received for identification at the Centers for Disease Control from state and federal laboratories and from laboratories outside the United States or are obtained in the course of disease outbreaks and environmental studies. These strains are first studied biochemically and serologically. If these methods fail to identify strains as members of recognized Legionella species, the strains are examined for their cellular fatty acid and isoprenoid quinone contents and are characterized further by serological testing and DNA hybridization. The results of these studies allow assignment of such strains to new species or new serogroups in existing species or identification as atypical members of existing species. This experimental protocol was used to characterize all of the presently described species and serogroups in the genus Legionella. The most recent of these are serogroups 7 and 8 in L . pneumophila (2,4), a second serogroup in L . bozemanii (49) , and the new species L . feeleii (29), L . sainthelensi (14) , and " L . anisa" (Gorman et al., in press ).
Similar studies are described here for 14 strains that represent 10 new species in the genus Legionella. These species were first isolated between July 1979 and March 1982. L . hackeliae was isolated from a bronchial biopsy specimen obtained from a woman with pneumonia. All other species were isolated from various water sources (Table 1) .
Biochemical studies. The biochemical characteristics of the new Legionella species are shown in Table 2 . These characteristics are extremely similar to those of the previously described legionellae. L . spiritensis and perhaps L . feeleii are the only new species that hydrolyze hippurate, as most strains of L . pneumophila do. The oxidase reaction varied among the new species, as it did among previously described species. Five of the new species autofluoresced when cultures were examined under a Woods light. Three of these, Legionella parisiensis, Legionella cherrii, and Legionella steigerwaltii, exhibited bluish white autofluorescence similar to that observed with L . bozemanii, L . dumofii, L. gormanii, and " L . anisa." L . rubrilucens and Legionella erythra exhibited red autofluorescence.
Cellular fatty acid and isoprenoid quinone analyses. Like other legionellae, each of the 10 new species contained major amounts of ubiquinones with more than 10 isoprene units in the side chain (14, 30, 43) . The cellular fatty acids of the 10 new species were qualitatively similar to those of the previously described legionellae (14, 15, 19, 27, 42, 43, 47; ' +, Positive; -, negative; +(w), weak reaction; +/-, Weakly or not always positive; (BW), bluish white autofluorescence; (R), red autofluorescence.
Strains of this species adapt to grow in the absence of cysteine, but require cysteine when first isolated. A strain of L . dumofii did not produce a diffusable brown pigment (P. H. Edelstein, personal communication). /One of the seven known " L . unisa" strains does not autofluoresce (Gorman et al., in press). Gorman et al., in press) . With the exception of L. erythra, all of the new species contained major amounts of branchedchain fatty acids. The cellular fatty acids and ubiquinones of these species will be described separately in detail (C. W. Moss, manuscript in preparation DNA studies. DNAs from all of the new type strains representing Legionella species were labeled in vitro with 32P04. DNA hybridization reactions were done to establish the uniqueness of each species and to determine its relatedness to all other Legionella species (Table 3) . Type strains of all species, as well as additional strains of the new species, where available, were used as sources of the unlabeled DNAs in these experiments.
Legionella jamestowniensis was 1 to 17% related to other Legionella species. L. hackeliae was 3 to 22% related to other species, with 14 to 17% relatedness (in reciprocal reactions) to L. jamestowniensis and 22% relatedness to L. cherrii. L. maceachernii consisted of two strains that were essentially identical; its closest relative (23%) was L. micdadei. L. spiritensis was most related to L. rubrilucens (34%), a red-autofluorescing species, and was 19 to 21% related to a number of species, including L. erythra, the other red-autofluorescing species.
The two red-autofluorescing species, L. rubrilucens and L. erythra, were 59 to 62% interrelated, with 9.0 to 9.5% divergence in related sequences, and 27 to 34% related in 75°C reactions; their closest relative was L. spiritensis (34 and 20% related, respectively) .
The three bluish white-autofluorescing species, L . parisiensis, L. cherrii, and L. steigerwaltii, were substantially related to one another and to the other bluish white-autofluorescing species. L. parisiensis was 57 to 67% related to four strains of L. bozemanii, with 7.5 to 9.0% divergence in related sequences, and 26 to 39% related in 75°C reactions. L. parisiensis was 50 to 59% related to three "L. anisa" strains and 22 to 40% related to the other bluish white-autofluorescing species. The level of relatedness of L. parisiensis to species that do not exhibit bluish white autofluorescence was highest with L . wadsworthii (37%). The four strains of L. cherrii were 94% or more related at optimal (60°C) and stringent (75°C) reassociation criteria and exhibited 0.0% to 0.5% divergence in related sequences. L. cherrii was highly related to L. steigerwaltii (67%), L. dumofii It is clear that each of the 10 new Legionella species, as well as the 12 previously described species, can be separated from all other legionellae on the basis of DNA relatedness. The strains of any one species showed 70% or more relatedness in 60°C reactions, less than 4% divergence in related sequences, and more than 60% relatedness in 75°C reactions.
The 12 previously described Legionella species had G + C contents of 39 to 46 mol% (Table l) , and 8 of the 10 new species had G+C contents of 38 to 46 mol% (Table 1 ). The two red-autofluorescing species, L. parisiensis and L. erythra, had G+C contents of 52 and 51 mol%, respectively (Table 1) .
DISCUSSION
Brown and colleagues proposed the formation of the following three genera from the first five species of Legionella (13, 24): Legionella (with only one species, L. pneumophila), Tatlockia (with Tatlockia micdadei), and Fluoribacter (with Fluoribacter bozemanii, Fluoribacter dumofii, and Fluoribacter gormanii). We have opposed this proposal on several grounds. First, there is not a genetic definition for a genus. If there were one, it is doubtful that the relatedness values among the three species that were placed in Fluoribacter would fit the genetic definition of a genus. The level of relatedness between Fluoribacter species is as low as 12%, with as much as 25% relatedness between these species and L. pneumophila in our studies (9, 10, 21, 41) . In the studies of Brown et al., Fluoribacter species showed as little as 4% interrelatedness, compared with values of up to 14% with L. pneumophila and up to 10% with L. micdadei (13, 24) .
If we consider the creation of additional genera for not only the first 5 species but all 22 Legionella species, the problems are compounded (Table 4 ). At a 40% relatedness level, there are 14 genera; one contains the 7 bluish whiteautofluorescing species, one contains the 2 red-autofluorescing species, 1 contains L. sainthelensi and L. santicrucis, and 11 genera each contain a single species. This 40% criterion ignores the fact that several of the species in the bluish white-autofluorescing group are not 40% related to all of the other species in the group and the fact that L. wadsworthii is as much as 37% related to members of this group.
At a 30% relatedness level there would be 11 genera. L. spiritensis (which does not autofluoresce) is added to the red-autofluorescing group. L. wadsworthii (which does not autofluoresce) is added to the bluish white-autofluorescing group. L . santicrucis and L. sainthelensi (which do not autofluoresce) are also more than 30% related to the bluish white-autofluorescing group, but they also form their own group, along with L . longbeachae and two of the bluish white-autofluorescing species, L. steigerwaltii and L. cherrii. Eight additional genera would contain single species.
At a 25% relatedness level, as advocated by Brown and colleagues (13, 24) , there would be nine genera. The red-au- tofluorescing group remains the same as at the 30% level, the bluish white-autofluorescing group and the L . sainthelensi group merge into a single genus, a new group is formed (at a relatedness level of 23%) from L . micdadei and L . maceachernii, and six genera contain single species. Even if one could define and separate these genetic genera by phenotypic tests, none of these alternatives is appealing. The fact is that legionellae can be identified to species only by serogrouping or DNA hybridization. With a combination of biochemical tests and analyses of cellular fatty acids and ubiquinones, one can define legionellae at the family level and form species groups, but cannot identify individual species.
Very few strains of most Legionella species have been examined phenotypically; in many species only one or a few strains have been isolated. Even with this limited sample, there is phenotypic variation. Not all strains of L . pneumophila hydrolyze hippurate (26), one L . dumofii strain does not produce brown pigment (P. H. Edelstein, personal communication), one strain of " L . anisa" does not exhibit bluish white autofluorescence (Gorman et al, in press), and the L . feeleii strain has been reported to hydrolyze hippurate (29) but did not do so when retested as part of this study (Table 2) . Furthermore, grouping of species on the basis of DNA relatedness creates problems due to mixed phenotypes. L . wadsworthii, L . santicrucis, L . sainthelensi, and L . longbeachae do not autofluoresce, but depending on the DNA criteria used to define a genus, they could be grouped with the bluish white-autofluorescing species. Similarly, L . spiritensis could be grouped with the red-autofluorescing species.
There is a good definition for strains of a genetic species (70% or more relatedness in reactions done at optimal criteria for DNA reassociation, 6% or less divergence in related sequences, and at least 55% relatedness in reactions done at a supraoptimal [stringent] criterion for DNA reassociation [7] ). It is our opinion that although a species reflects evolutionary divergence, a genus is a man-made division that should consist of a group of phenotypically similar species that must be differentiated from one another at the microbiology bench. If genetic and phenotypic similarities are not in agreement, then a genus based on phenotype is preferable and more practical to taxonomists and to all microbiologists than a genus based on genetic relatedness. Legionella is certainly a good phenotypic genus. All species are isolated by the same methods and cultivated on the same media. They have similar biochemical profiles and are easily differentiated from other gram-negative bacteria by their unique fatty acid composition and isoprenoid quinone content. When motile, they have a common flagellar antigen. Many species exhibit cross-reactions between their somatic antigens. All species that have been isolated from humans cause the same disease, and the same treatment regimen is used against all species known to cause human diseases. For all of the above reasons it would be of little, if any, benefit to create additional genera in the family Legionellaceae at this time.
Taxonomic proposals. Nomenclatural proposals are given below for 10 new Legionella species; 3 of the 10 new species are named after people who are coauthors of this paper. In all of these cases, the names were arrived at by D.J.B. and G.W.G. without the knowledge of the people for whom the species are named.
The 10 new species conform to the definition of the family Legionellaceae and to the definition of the genus Legionella (8), except that the range of G+C contents within the family and the genus is now 38 to 52 mol%. All of the species are gram-negative, catalase-positive rods that grow on BCYE agar but not on blood agar and require cysteine for growth. They are motile by means of one to a few polar, subpolar, or lateral flagella. They do not produce acid from D-glucose, reduce nitrates, or contain a urease. They liquefy gelatin, and they form a soluble brown pigment on yeast extract agar that contains tyrosine. Unless noted below, the new species do not hydrolyze hippurate, and they do produce beta-lactamase. The sources of the strains of each species are given in Table 1 , and their DNA relatedness relationships are shown in Table 3 
L. gormanii
LS-13T
PX-1-G2-E2T ATCC 35301) , which has a G + C content of 38 mol%.
